PL-TR-92-2038

Study of seismic coda generation in crust
with non-uniform scattering and
anelastic properties

John E. Vidale

University of California, Santa Cruz
1156 High Street
Santa Cruz, CA 95064

i8 June 1992

Final Report
14 September 1989 - 14 December 1991

AD-A254 350

AR A

_DTIC
Wy, UL 30 1992

> 4?' 4
k4, .
- .

Approved for public release; distribution unlimited

PHILLIPS LABORATORY
% AIR FORCE SYSTEMS COMMAND

HANSCOM AIR FORCE BASE, MASSACHUSETTS 01731-5000

92—20402

LT

%




‘

SPONSORED BY
Defense Advanced Research Projects Agency
Nuclear Monitoring Research Office
ARPA ORDER NO. 5307

MONITORED BY
Phillips Laboratory
Contract F19628-89-K-0048

The views and conclusions contained in this document are those of
the authors and should not be interpreted as representing the
official policies, either expressed or implied, of the Defense
Advanced Research Projects Agency or the U.S. Government.

This technical report has been reviewed and is approved for

publication.

JAME F. LEWKOWICZ Jﬁé F. LEWKOWICZ \
ract Manager B ch Chief
id Earth Geophy31cs Branch Solid Earth Geophysics Branch
Earth Sciences Division Earth Sciences Division

DOQQ%D H. ECKHARDT, Director

Earth Sciences Division

This report has been reviewed by the ESD Public Affairs Office
(PA) and is releasable to the National Technical Information
Service (NTIS).

Qualified requestors may obtain additional copies from the Defense
Technical Information Center. All others should apply to the
National Technical Information Service.

If your address has changed, or if you wish to be removed from the
mailing list, or if the addressee is no longer employed by your
organization, please notify PL/IMA, Hanscom AFB, MA (01731-5000.
This will assist us in maintaining a current mailing list.

Do not return copies of this report unless contractual obligations
or notices on a specific document requires that it be returned.




REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting busden for this collecuon of mnmumuwm 1 hour DEY response.

T T —— T —
1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE

18 June 1992

Final Report

g

thm!uymmmmaau
gethering and the deta needed, and completing and mngmcdhmoﬁofmmﬂon comments rding this burden estimets or any other of this
collection of information, 107 reduang this burden, tothmqtonw ars Services, Directorate for Operstions and 1218 Jefferson
Dnvi Pighvwoy. Sulte 1764, Arlngaon, UK 222024302 and 16 the Office Gf Maragement and Sudget, Paperwor: Raduction Propect (07040180, Weshingter: 0C So0is.

e U
3. REPORT TYPE AND DATES COVERED

9/14/89 - 12/14/91

4. TITLE AND SUSTITLE
Study of Seismic Coda Generation in Crust with Non-Uniform

Scattering and Anelastic Properties

5. FUNDING NUMBERS
PE62714E

PR 9A10 TADA WURY
Contract F19628-89-K0048

6 AV

Dr. John E. Vidale

PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES)

The Regents of the University of California, Santa Cruz
1156 High Street
Santa Cruz, CA 95064

8. PERFORMING ORGANIZA |

REPORT NUMBER

UCSC-1992002

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)
Office of Naval Research Phillips Laboratory

202 McCullough Hanscom AFB, MA 01731-5000
Stanforn University Contract Manager James Lewkowi
Stanford, CA 95305-4055 (PL/GPEH)

Monitoring Sponsoring

10. SPONSORING / MONITORING |
AGENCY REPORT NUMSER

z  PL-TR-92-2038

11. SUPPLEMENTARY NOTES

Ty Y YT Y vy v Tt
12a2. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public rclease;
distribution unlimited

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

response to explosions and earthquakes.

beginning to understand the detail of this interactionm.

We have conducted a series of investigations to determine which structures affect the
amplitude, duration, frequency content, and directional properties
Our investigations have shown that the
shallowest tens of meters are crucial in these properties of the seismic wavefield.
These shallow layers are marked by great lateral heterogeneity in velocity and
attenuation, and consequentlv we observe both vertical and lateral resonances.
scrambling of the wavefield ecach time it reflects from the free surface is undoubtedly
very important for seismic propagation to regional distances, but we are only

of ground motion

The

e — Y ————
14. SUMECT TERMS

Seismology, Scattering, Regional Wave Propagation, Near-Surface

Geology

17. S!CUII?V CLASSIFICATION | 18. SECURITY CLASSIFICATION [ 19. SECURITY CLASSIFICATION
OF REPORT OF THIS PAGE OF ABSTRACT

unclassified unclassified unclassified

15. NUMBER OF PAGES
16. PRICE CODE

- ey S
20. LIMITATION OF ABSTRACT

SAR

NSN 7540-01-280-5500

Standard Form 298 (Rev ?.RQ\




Table of Contents

Directional Site Resonances Observed from the 1 October 1987 Whittier Narrows,

California Earthquake and the 4 October Aftershock

The strong influence of near-surface geology on the direction of ground motion

above 1 Hertz in the Loma Prieta earthquake

DTIC Q.. Lipy INe2nCTED 4

iii

1
19
Accession For /
NTIS GRA&I C 4
DTIC TAR a
Unannounced 0

Justification _ _ _ __ |

By
Pistribution/

Avallability Codes

“\,\ ‘

, Avalil and’or
Diat Special




Scientist Contributing

John E. Vidale
Ornella Bonamassa
Heidi Houston

Publications:

J.E. Vidale and C.J. Ammon. AGU, San Francisco, December 1989. Efficient
Seismic Traveltime and Amplitude Calculations and Application to Velocity
Inversion and Migration.

S.Y. Schwartz, A. Velasco, M. Protti, O. Bonamassa, G.D. Nelson, K.C. McNally,
J.E. Vidale, T. Lay, and S. Flatté. AGU, San Francisco, December 1989.
Deployment of an aftershock array for the 17 October Loma Prieta Earthquake.

J.E. Vidale, 1989. 3-D travel time calculation with finite-differences, SEG
extended abstracts.

A. Frankel, J. Filson, R. Borcherdt, J.E. Vidale. AGU, San Francisco, December
1989. Numerical simulations of strong ground motion in the Leninacan
Basin produced by the 1988 Armenia earthquakes and its aftershocks.

C.J. Ammon and J.E. Vidale. AGU, San Francisco, December 1990. Tomography
without rays.

J.E. Vidale, O. Bonamassa, and T.C. Wallace. AGU, San Francisco, December
1990. The influence of focal mechanism on strong motions in the 18 October
1989 Loma Prieta earthquake.

O. Bonamassa, J.E. Vidale, H. Houston, and S.Y. Schwartz. AGU, San Francisco,
December 1990. Directional site resonances and the influence of near-surface
geology on ground motion.

J.E. Vidale and O. Bonamassa. DARPA /GL Seismic Research Symposium, 18-20
September 1990, Key West, Florida. Directional site resonances, GL-TR-90-
0212, ADA226635.

C. Ammon, J.E. Vidale. SSA, Santa Cruz, May 1990. Seismic travel-time
tomography using combinatorial optimization techniques.

O. Bonamassa, J.E. Vidale. SSA, Santa Cruz, May 1990. Investigation of
directional site resonances using aftershocks from the Loma Prieta
earthquake.

J.E. Vidale, O. Bonamassa, S.Y. Schwartz. SSA, Santa Cruz, May 1990. Array
studies of ground motions using aftershocks from the Loria Prieta
earthquake.

J.E. Vidale, O. Bonamassa, and H. Houston, 1991. Directional Site Resonances
Observed from the 1 October 1987 Whittier Narrows Earthquake and the 4
October Aftershock, Earthquake Spectra., 7, 107-126.

O. Bonamassa and J.E. Vidale. SSA, Sante Fe, April 199”. Variations in site
effects across a very dense array.

iv




Directional Site Resonances Observed from the 1 October 1987 Whittier
Narrows, California Earthquake and the 4 October Aftershock

John E. Vidale, Ornella Bonamassa, and Heidi Houston




Abstract

We present evidence that sites often resonate preferentially in a particular
compass direction. The 1 October 1987 mainshock and 4 October 1987 aftershock in
the Whittier Narrows, California, sequence had very different mechanisms.
Nevertheless, at 8 of 11 strong motion stations for which digital records of both
events are available, the direction of strongest shaking in the two events was much
more similar than would be expected from their differcnt focal mechanisms. The
coincidence of the polarizations from the two events was greatest for the frequencies
that showed the most amplification, suggesting that site amplification and
directional resonances are linked. Knowledge of directional site resonances may aid
in predicting the directions of damaging earthquake motions.

Introduction

The 1 October 1987 Whittier Narrows California (ML = 5.9) earthquake and its 4
October aftershock (ML = 5.3) created an excellent data set of strong motion
recordings. These events produced nearly orthogonal radiation patterns. The
mainshock has a thrust mechanism, the aftershock has a strike-slip mechanism.
Observations from these two sources permits the isolation of site from source
effects. Vidale (1989) showed that the 3 to 6 Hz peak accelerations of these two
events are modulated by the focal mechanisms. In that study, only peak amplitudes
from analog records were utilized. Since eleven records from the aftershock and
numerous records from the main shock have now been digitized by the California
Strong Motion Instrumentation Program (CSMIP) of the California Division of
Mining and Geology, more quantitative analysis can be done.

Near-receiver geology is an important factor in determining the strength of
shaking from an earthquake (Haukkson et al., 1987, Malin et al., 1988). Models of
geology that assume homogeneous flat layers can explain some features of observed
site amplification (e.g., Joyner et al., 1976). The amplification of 2 sec energy in the
lakebed deposits in Mexico City during the 1985 Michoacan earthquake is one of the
more dramatic examples of the influence of thin, slow-velocity layers near the
Earth's surface (e.g., Campillo et al., 1989).

Patterns of amplification and duration of shaking that require lateral variations in
geologic structure have also been documented (Vidale and Helmberger, 1987, 1988),
and strong-motion effects of some simple large-scale structures have been
investigated (Bard and Gariel, 1986, Kawase and Aki, 1989, Vidale et al., 1985).
However, the importance of near-receiver structures more realistic than horizontal
layers has not been documented for high-frequency seismic energy. The data
analyzed here indicate a need for an increased understanding of the effects of two-
and three-dimensional structure near the receiver.




In this paper, to assess the prevalence of frequency- and directionally-dependent
station resonances, we compare the particle motions of the S waves with those
predicted from the earthquake focal mechanism. It is of interest to earthquake
engineers whether particular sites have a preferred direction of ground motion in a
given frequency range. Initial results from Loma Prieta aftershock recordings
(Bonamassa et al., 1990) suggest that such effects occur for more than half the sites
investigated, and that the preferred direction does not depend on earthquake
location. The results below indicate that directional resonances are a general

feature.
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Figure 1. Map showing the location of the 11 CDMG stations. The star
indicates the epicentral region of the mainshock and the aftershock, which are
separated by only 2 km.

Polarization Analysis for 1 October and 4 October 1987 Whittier
Narrows Events

The mainshock hypocenter was located at 14.6 km depth, and the mechanism is a
gently dipping thrust (Haukkson and Jones, 1989). Numerous aftershocks filled the
volume from 8 to 17 km depth extending about 4 km in all directions horizontally.
Bent and Helmberger (1989) analyze the teleseismic body waves and propose a
double source; their second source is 11 km deep and 5 times larger than the first
with a slightly different mechanism. It is important to consider the location and
mechanism of the largest patch of moment release to understand the strong ground
motions. The double source they propose is best studied with teleseismic body-
waves since the strong ground motions are more complicated by the Los Angeles




Whittier Mainshock and Aftershock
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Figure2 Acceleration spectra from the October 1 mainshock (heavy lines) and the October 4
aftershock (light lines) for 11 CSMIP stations. The distance in km from the mainshock
epicenter is given beneath each station name. The rms sum of the SH and SV spectra is
plotted.




basin near-surface structure. We use the depth and mechanism of their second and
.argest source to represent the mainshock in this paper. The aftershock that
occurred on Octaber 4, 1987 was located 2 km northwest of the mainshock at a depth
of 13.3 km, with a strike-slip mechanism on a vertical plane (Haukkson and Jones,
1989).

S Waves at Station 157
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Figure 3. The windowed S waves for the mainshock and aftershock from station 157.

The 11 stations for which CDMG digitized strong motion records of both the
mainshock and the aftershock are shown in Figure 1. The stations range from
almost directly above the earthquakes to 50 km distant.

Acceleration spectra for the mainshock and aftershock are shown in Figure 2. The
S waves are windowed into 4 sec and 2.5 sec segments for the mainshock and
aftershock, respectively, and tapered, and then fourier transformed. The frequency
of the peak acceleration ranges from 1 Hz for station 368 (Downey) to 5-6 Hz for
stations 399 (Mt. Wilson). In general, the two spectra from each of the 11 stations are
similar, although the mainshock produced a higher level of acceleration.

We processed the Whittier Narrows strong motions as follows: 1) All three
components of motion were filtered with a central frequency of 1, 2, 4, 8 and 16 Hz.
2) The particle motion of each filtered record is characterized by its predominant
azimuth of polarization (see Vidale, 1986, and Montalbetti and Kanasewich, 1970, for




details of polarization analysis). This azimuth of polarization is the equivalent to
the direction of the largest excursions in a particle motion diagram. The
predominant azimuth of particle motion is compared with the azimuth expected
from the source and receiver locations and the focal mechanism of the earthquake.

This procedure is first illustrated in detail for station 157 (Baldwin Hills), then
applied to the other ten stations. The S waves from station 157 are shown in Figure
3.

Figure 4 shows the particle motions of the passband filtered horizontal motions,
while Figure 5a shows the dominant direction of polarization in each passband for
station 157. It is important to note that in Figure 5, the polarization is measured
clockwise from north, while Figures 3 and 4 show rotation into radial and
transverse components, where cloc! wise and outward are positive. Polarization has
the usual two-fold ambiguity, for example, north-south vibration has a direction of
either north or south. We therefor plot polarization in the 180° range centered
about north.

The polarization directions agree between the records for the two events in each
pass band, but do not agree particularly well with the directions predicted by the
focal mechanisms. The directions of polarization of the broadband signals shown at
the right of Figure 5a are similar for the two earthquakes because the azimuths agree
fairly well in the 2 and 4 Hz windows where station 157 recorded the strongest
accelerations as is apparent in the spectrum in Figure 2. The polarization directions
also agree between the two events in other passbands, however the directions do not
match well between different frequencies. These patterns can also be seen in Figure
4, particularly by comparing the 4 Hz and 8 Hz polarizations for the two events.

This pattern suggests that for station 157, 4 Hz shaking tends to be strong in the
direction N30W, while 8 Hz shaking is strongest N75E, which is information that
may be useful for earthquake engineers. This pattern also suggests that it is not the
earthquake source that is controlling the polarization of the S waves. The other ten
stations also show similar patterns to varying extents. They are presented in order
of increasing station number (i.e., random order).

Station 196 (Inglewood) does not show agreement between the two events in
broadband polarization direction, as seen in Figure 5b. Closer examination reveals
some evidence for directional site effects, however. The strongest peaks in the two
spectra for this station in Figure 2 lie at 2 Hz, and at this frequency the polarization
directions agree between the mainshock and the aftershock. The broadband
disagreement arises from stronger high frequency energy in the mainshock, but
more energy at 1 Hz in the aftershock.

Figure 5¢ shows good agreement in the broadband polarization for station 303
(Hollywood), despite a large difference in the polarizations predicted by the focal
mechanisms. The spectra for this station do not show prominent peaks.




Particle Motions for the Mainshock at Station 157
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Figure 4a. Particle motion at station 157. Mainshock records bandpassed with 1, 2, 4, 8, and 16 Hz
center frequencies.




Particle Motions for the 4 October Aftershock at
Station 157
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Figure 4b. Particle motion at station 157. Aftershock records bandpassed with 1, 2, 4, 8, and 16 Hz
center frequencies.




Station 157
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Figure 5a. The primary azimuth of particle motion during the mainshock and aftershock as a
function of frequency for station 157. The circles indicate the azimuth of polarization expected from the
focal mechanisms of the two cvents, and the bars indicate the polarization measured from the
observations. DPolarization is measured clockwise from north (north = 0°, northeast = 45°). The
polarizations of the mainshock and aftershock are more similar to each other than to the predictions
from their respective focal mechanisms.
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Figure 5b. The azimuth of particle motion of the mainshock and aftershock as a function of frequency
for station 196. See caption for Figure 5a.




Station 303
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Figure 5c. The azimuth of particle motion of the mainshock and aftershock as a function of frequency

for station 303. See caption for Figure 5a.
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Figure 5d. The azimuth of particle motion of the mainshock and aftershock as a function of frequency

for station 368. See caption for Figure 5a.
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Station 399
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Figure Se. The azimuth of particle motion of the mainshock and aftershock as a function of frequency
for station 399. See caption for Figure 5a.
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Figure 5f. The azimuth of particle motion of the mainshock and aftershock as a function of frequency
for station 400. See caption for Figure 5a.
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Station 401
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Figure 5g. The azimuth of particle motion of the mainshock and aftershock as a function of frequency

for station 401. See caption for Figure 5a.
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Figure 5h. The azimuth of particle motion of the mainshock and aftershock as a function of

frequency for station 402. Sce caption for Figure 5a.
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Station 403
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Figure 5i. The azimuth of particle motion of the mainshock and aftershock as a function of frequency
for station 403. See caption for Figure 5a.
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Figure 5j. The azimuth of particle motion of the mainshock and aftershock as a function of frequency
for station 436. See caption for Figure 5a.
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Station 461
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Figure 5k. The azimuth of particle motion of the mainshock and aftershock as a function of frequency
for station 461. See caption for Figure 5a.

Figure 5d, for station 368 (Downey) shows that the directions of polarization are
closer to each other than expected from the focal mechanisms. The 1 Hz passband,
which has the largest spectral peak for the mainshock, shows excellent agreement in
polarization.

Figure 5e shows the polarization for station 399 (Mt. Wilson). The polarization
directions for the two events agree in most pass bands, but again do not agree
particularly well with the directions predicted by the focal mechanisms. The
azimuths agree fairly well in the 4 and 8 Hz windows where station 399 recorded the
strongest accelerations (see Figure 2), and thus again the directions of polarization
shown at the right of Figure 5e are very similar for the two earthquakes.

Station 400 (Figure 5f, Obregon Park) has good agreement in polarization
direction at 4 Hz, where there is a peak in the spectra. The predicted directions from
the focal mechanism are not similar to the observed directions.

Station 401 (Figure 5g, San Marino) does not have good agreement in polarization
direction, although even greater disagreement in polarization direction is predicted
by the focal mechanism. Different peaks appear in the spectra of the mainshock and
aftershock, but no particular pattern is seen.

Station 402 (Figure S5h, Altadena) shows excellent agreement, even better than is
predicted from the focal mechanisms. These signals seem coherently polarized at all
frequencies, and close to the predicted directions.

14




Station 403 (Figure 5i, 116th St., Los Angeles) shows poor agreement in
oolarization direction despite the prediction of good agreement from the focal
nechanisms.

Station 436 (Figure 5j, Tarzana) shows excellent agreement in the dominant
direction of polarization, perhaps controlled by the sharp peak at 3 Hz. The
mainshock and the aftershock are predicted to have a similar direction of
polarization. This suggests that the discrepancy between the anomalous
amplification seen in Tarzana from the mainshock and the more normal aftershock
spectra is not due to a difference in the polarization of the incident S waves, which
might have resulted in different levels of amplification at Tarzana in the two
events. It may be due, however, to strong site amplification of 3 Hz energy coupled
with weak excitation of 3 Hz energy in the aftershock, although evidence for this
from the spectra in Figure 2 is equivocal.

Station 461 (Figure 5k, Alhambra) shows excellent agreement in broadband
polarization direction despite the prediction of orthogonal motion from the focal
mechanisms. The spectra are relatively flat.

Figure 6 shows that eight (157, 303, 368, 399, 400, 402, 436, 461) of the eleven
stations have similar polarizations for the mainshock and the aftershock. This
suggests that a majority of the stations may have a characteristic direction of
polarization, which does not change from event to event.

Primary Polarization by Station
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10/4/87 Aftershock
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30
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Figure 6. Observed directions of the strongest polarization of the broadband signal for acceleration
records from the Whittier Narrows mainshock and aftershock for 11 stations. The predicted
polarizations from the first-motion focal mechanisms do not agree as well. Polarizations are measured
clockwise from north.
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Previous work (Vidale, 1989) on the Whittier Narrows sequence suggests that the
focal mechanism controls peak acceleration at a site, but the data presented here
indicate that in many cases, the azimuth of polarization of the motion in the range
1-16 Hz depends on the site. In addition, in several cases, including stations 157, 196,
368, 399, 400, 436, the most similarity between the mainshock and aftershock
polarizations is in the pass band where spectral peaks appear, suggesting that the
geologic features that enhance amplitudes in a particular frequency band also have a
preferred direction of particle motion. The 11 stations span a wide range of surficial
geology from hard rock to soft sediment, summarized in Table 1, suggesting that
these directional resonances are probably a common feature.

The present study provides results that complement those of Bonamassa et al.
(1990). Bonamassa finds that S waves from 11 aftershocks of the Loma Prieta
earthquake recorded at a dense 6-station 3-component array in the Santa Cruz
mountains show directional resonances. The resonances vary within the array on a
scale of 25 meters, but persist for a given station for a range of earthquake locations
and expected S wave polarizations. The rapid variation across the array suggests
very near-surface structure is causing the resonances. The present study has higher
quality stations that are situated in a wider range of surficial geologies, suggesting
that these resonances are a common occurrence.

The most likely explanation for these azimuthal patterns is that particle motion
in one compass direction is amplified compared to the motion in other directions.
The specific geological structures that cause this amplification are not yet known.
Surface topography seems unlikely, as Buchbinder and Haddon (1990) estimate only
small S-wave azimuthal anomalies due to topography. The most likely structures
are strong lateral variation in the S-wave velocity in the top 10's of meters, where
the velocity can be very low.

Conclusions

Three-component seismic recordings for 8 of 11 stations of the Whittier Narrows
earthquake sequence show that in the frequency range from 1 to 16 Hertz, there is a
preferred direction of ground motion, which we term "directional resonance” that
does not depend on the polarization of the shear waves expected from the focal
mechanism. The study of Bonamassa et al. (1990) also finds directional resonances
and suggests that the preferred direction also does not depend on the earthquake
location.

These preliminary conclusions drawn from good data for various sites in the Los
Angeles area suggest that in-depth analysis of the processes that control directional
resonances is necessary. Earthquake engineers as well as seismologists will benefit
from knowledge of the strength of the characteristic resonance at a site and the area
over which it is coherent.

16




References

Bard, P.-Y., ].C. Gariel, 1986. The seismic response of two-dimensional sedimentary
deposits with large vertical velocity gradients, Bull. Seism. Soc. Am., 76, 343-360.

Bent, A.L., and D.V. Helmberger, 1989. Source complexity of the 1 October 1987
Whittier Narrows Earthquake, |. Geophys. Res., 94, 9548-9556.

Blakeslee, S.N., 1989. Studies in near-surface, crustal and fault-zone attenuation:
borehole analysis of Parkfield earthquakes, Ph.D. Thesis, University of California
at Santa Barbara.

Buchbinder, G.G.R,, and R.A.W. Haddon, 1990. Azimuthal anomalies of short
period P-wave arrivals from Nahanni aftershocks, N.W.T., Canada and effects of
surface topography, Bull. Seism. Soc. Am., in press.

Campillo, M., J.C. Gariel, K. Aki, and F.J. Sdnchez-Sesma, 1989. Destructive strong
ground motion in Mexico City: source path and site effects during the great 1985
Michoacédn earthquake, Bull. Seism. Soc. Am., 79, 1718-1734.

Haukkson, E., and L. Jones, (1989). The 1987 Whittier Narrows Earthquake sequence
in Los Angeles, southern California, seismological and tectonic analysis, J.
Geophys. Res., 94, 9569-9590.

Haukkson, E., T.-L. Teng, T.L. Henyey, 1987. Results from a 1500 m deep, three-level
downhole seismometer array, Bull. Seism. Soc. Am., 77, 1883-1904.

Joyner, W.B,, RE. Warrick, and A A. Oliver, III, 1976. Analysis of seismograms from
a downhole array in sediments near San Francisco Bay, Bull. Seism. Soc. Am., 66,
937-958.

Kanamori, H., 1979. A semi-empirical approach to prediction of long-period ground
motions from great earthquakes, Bull. Seism. Soc. Am., 69, 1645-1670.

Kawase, H. and K. Aki, 1989. A study on the response of a soft basin for incident S,
P, and Rayleigh waves with special reference to the long duration observed in
Mexico City, Bull. Seism. Soc. Am., 79, 1361-1382.

Malin, P.E,, J.A. Waller, R.D. Borcherdt, E. Cranswick, E.G. Jensen, and N. Van
Schaak, 1988. Vertical seismic profiling of Oroville microearthquakes: velocity
spectra and particle motion as a function of depth, Bull. Seism. Soc. Am., 78, 401-
420.

Montalbetti, ].R., and E.R. Kanasewich, 1970. Enhancement of teleseismic body
phases with a polarization filter, Geophys. |. R. astr. Soc., 21, 119-129.

17




Vidale, J.E., 1986. Complex polarization analysis of particle motion, Bull. Seism. Soc.
Am., 76, 1393-1406.

Vidale, J.E., 1989. Influence of focal mechanism on peak accelerations for the
Whittier Narrows, Ca. earthquake and an aftershock, J. Geophys. Res., 94, 9607-
9615.

Vidale, J.E., and D.V. Helmberger, 1987. Path effects in strong motion seismology,
chapter in volume of Methods of Computational Physics, Bruce Bolt, ed., 267-319.

Vidale, J.E., and D.V. Helmberger, 1988. Elastic finite-difference modeling of the
1971 San Fernando, Ca. earthquake, Bull. Seism. Soc. Am., 78, 122-142.

Table 1 : Stations co-ordinates and geology

Station | Latitude | Longitude | Directional Surficial Geology
Resonance
157 34.01 118.36 Yes Fill over shale, sandstone
196 33.90 118.28 No Terrace deposits
303 34.09 118.34 Yes Alluvium (130 m) over sandstone, shale
368 33.92 118.17 Yes Deep alluvium
399 34.22 118.06 Yes Quartz Diorite
400 4.4 118.18 Yes Alluvium
401 4.1 118.13 No Alluvium
402 34.18 118.10 Yes Alluvium
403 33.93 118.26 No Terrace deposits
436 .16 118.53 Yes Shallow alluvium (10 m) over sandstone, shale
461 34.07 118.15 Yes Alluvium
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The strong influence of near-surface geology
on the direction of ground motion above 1 Hertz
in the Loma Prieta earthquake
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Abstract

The direction of strong shaking observed at 13 California Division of Mining and
Geology sites across San Francisco and Oakland at frequencies less than one Hz
roughly agrees with a prediction calculated from the well-determined long-period
focal mechanism. The directions of shaking at frequencies higher than one Hz,
however, show little resemblance to the simple prediction, suggesting that the near-
surface geology interacts with the higher frequency seismic waves in a complicated
way. This propagational complication, if a common feature, makes the recovery of
source information from surface-recorded seismograms difficult and suggests that
the focal mechanism does not determine the direction of strongest shaking in an
earthquake at this range of about 100 km above about one Hz. It also shows that
there is not a clean separation of P-5V and SH energy in regional wave propagation.

Introduction

The motion that an earthauake causes at the surface of the Earth is a combination
of the details of the faulting at depth and the complications due to propagation
through structures within the Earth of the seismic energy released by the faulting.
Various ways of measuring the seismic source and propagational complications
have been described. There exists considerable literature that documents the
usefulness of the concept of a site response, where a particular site has a fixed set of
frequencies which are amplified at that site no matter how the how the ground
motion is induced (Joyner et al., 1976, Rogers et al., 1984, Borcherdt, 1970, Joyner et
al.,, 1981). Seismic wave interaction with large-scale structures such as major
sedimentary basins can be described deterministically; these structures can be shown
to distort seismic waves in a semi-predictable way (Vidale and Helmberger, 1988,
Kawase and Aki, 1989, Kagami et al., 1986). Bridging the gap between well-
understood large-scale structures and fine structure where only the amplitude
versus frequency behavior has been studied is the goal of considerable recent
research.

This report will concentrate on empirically quantifying the distortion to the
direction of strongest shaking caused by earth structures, since it has been suggested
that the direction of shaking is sometimes a feature of the recording site (a
directional site resonance) rather than the earthquake (Vidale et al, 1991,
Bonamassa et al., 1991, Bonamassa and Vidale, 1991). These and other observations
of horizontal ground motion above one Hz frequency (Chouet, 1989, Abrahamson et
al., 1989) show very small lateral correlation distances, less than 10's of meters for
frequencies above a few Hz. Also, comparisons of seismograms written by surface
and borehole instruments have shown that propagation through the shallowest 10's
of meters of the Earth can severely distort seismic pulses (Haukkson et al., 1987,
Malin et al,, 1988, Aster and Shearer, 1991).

While the near-surface layers of the earth appear to scramble high-frequency
waves, at long periods the Earth often affects seismic waves in a predictable way that
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may be stripped off to study the earthquake source. This focuses on finding the
transition frequency where earth structure, and mainly near-surface geology, begin
.0 obscure the signature of the seismic source at the range of 100 km. We will find a
transition frequency near one Hz.

Data

The Loma Prieta earthquake of 18 October 1989, often and perhaps more
appropriately called the Santa Cruz Mountains earthquake, was the largest to strike
the San Francisco Bay area since 1906. It caused considerable damage and loss of life.

On the positive side, this earthquake was captured by more than a hundred strong
motion seismometers, producing an unprecedented opportunity to investigate
details of the earthquake and earthquake hazards in general. Numerous
investigators are reconstructing the spatial and temporal patterns of fault
movements during the 5 to 10 seconds it took for the earthquake to occur (Loma
Prieta source references, 1990).

Study area and earthquake

\ Loma Prieta
Santa Cruz \\\ Aftershock

AW

Figure 1. Location of the area of this study in relation to the aftershock zone of the 18
October 1989 earthquake. This study area is shown in more detail in Figure 2.

This report will concentrate on observations of the effect of earth structure on the
seismic waves radiated by the earthquake. To achieve this end, we examine the
Loma Prieta mainshock records of 13 accelerometers located near San Francisco.
The regional setting is shown in Figure 1. The seismometers are spread across San
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Francisco and Oakland, as shown in Figure 2. The station numbers, names,
locations, and geologic settings are given in Table 1. These are all free-field,
basement, or first floor installations, and all except station 480 are in two- or fewer
story structures. The recordings, which were originally captured on film, have been
digitized and disseminated by the California Strong Motion Instrumentation
Project, managed by the California Division of Mines and Geology.

Map of CDMG Stations

San Francisco

043
Ba
y Aan
‘117
Oakland
131 N\480 A a
163 A
151 A 338
224
San 130
Francisco o, ..

Figure 2. Location of the 13 California Strong Motion Instrumentation Program stations
whose recordings are used in this report. The name and surficial geology of each station are
given in Table 1.

This data is well-suited for analysis of seismic wave propagation because of the
large size of the Loma Prieta mainshock and the close spacing of the instrument
sites relative to the distance to the earthquake. The large size of the earthquake
generated sufficient long-period seismic energy that ground motion at least down to
0.2 Hz (5 seconds period) were reliably measured by the strong motion instruments.
Similar periods were recovered from the 1971 San Fernando earthquake, but fewer
instruments were deployed at that time. The Whittier Narrows earthquake was
recorded at a comparable number of stations, but strong motion recordings of the
ML 5.9 quake did not have recoverable energy at less that 0.5 Hz. This group of 13
stations lies within 20 km by 10 km area, but is 60 to 100 km from the fault plane
that broke as estimated from aftershocks (Oppenheimer, 1990). Consequently, the
stations only span about 10 to 15° in azimuth from the earthquake, and the signal
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that would be recorded across these stations would be similar in the absence of
structural complications, particularly in their direction of shaking.

The motions expected for a simple, layered structure is nearly perfectly linear
polarization in the WSW-ENE direction. We determined this with a reflectivity
simulation (Muller, 1985) with a simple source. The oblique thrust mechanism of
the Loma Prieta earthquake produces a large pulse of shear wave energy on the
transverse component, and little motion on the radial and vertical components of
motion at this azimuth and range, which is close to directly along the San Andreas
fault. A simple two-layer crust over Moho model is assumed in this calculation. A
more complicated earthquake, extending ten's of kilometers, as the Loma Prieta
event probably did (Loma Prieta source references) would produce more
complicated radiation, but it still would maintain a similar particle motion. The
primary variation in particle motion predicted across the array is the rotation of the
transverse direction of motion clockwise as one considers the stations more to the
east. The large transverse pulse, which can also be thought of as an incipient Love
wave, dominates all stations, and would appear for all frequencies considered in this
report.

0.4 to 0.8 Hz Particle Motions

San Francisco

Oakland

Figure 3. Particle motion diagrams for observations of the 13 stations listed in Table 1 of the
18 October 1989 Loma Pricta earthquake in the passband from 0.4 to 0.8 Hz (1.25 to 2.5 second
period). Two passes of a three pole Butterworth filter were applied.

The observed ground motions show some resemblance to the prediction of the
reflectivity simulation. Figures 3 through 6 show the particle motion directions
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seen in the acceleration records in six different passbands. Comparison of the
synthetic particle mction directions with the observed directions shows a simple
and unambiguous pattern: The directions of strongest motions at frequencies less
than one Hz shown in Figure 3 generally agree with the direction expected from the
simulation and the directions at frequencies above one Hz shown in Figures 4, 5 and
6 show directions of shaking that bear little relation to the direction expected.

Some caveats must be noted. Time domain information has been suppressed in
this presentation, so it remains possible that the initial S wave arrivals exhibit the
polarization direction expected from the focal mechanism even at high frequencies
as has been observed by Bonamassa and Vidale (1991) and has aiso been observed for
P waves by Menke (1990). Individual stations may record bizarre phenomenon; for
example, Treasure Island (Station 117) underwent liquefaction near the CDMG site,
Cliff House (Station 132) is situated on steep topography (Borcherdt, 1990), Oakland
(Station 472) is located on a wharf that may be subject water waves in the bay,
Oakland (Station 480) is placed in the basement of an 18-story building that may
sway. Despite these potential outliers, the pattern is quite consistent across the array
of strong motion stations.

0.8 to 1.6 Hz Particle Motions

San Francisco
Bay

-’

Oakland

Franciscp

Figure 4. Particle motion diagrams for observations of the 13 stations listed in Table 1 of the
18 October 1989 Loma Pricta earthquake in the passband from 0.8 to 1.6 Hz.

Conclusions and Unanswered Questions
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This relatively dense array of strong motion stations has provided one of the best
fairly broadband (0.1 to 5.0 Hz) glimpses to date of the seismic wavefield generated by
1 large earthquake less than 100 km distant. The transition from particle motion
that indicates source character to particle motion that is strongly affected by
propagation through the Earth clearly takes place around 1 Hz. This highly variable
high-frequency polarization is consistent with most previous studies; Vidale et al.
(1991) and Bonamassa and Vidale (1991) see similar gross distortion of the 2 to 20 Hz
seismic waves, probably by near-surface geology. As mentioned above, comparisons
of seismic waves recorded on the surface and in boreholes have documented the
scrambling effects of the near-surface at high frequencies (Aster and Shearer, 1991,
Haukkson et al., 1987).

1.6 to 3.2 Hz Particle Motions

San Francisco

Oakland

Figure 5. Particle motion diagrams for observations of the 13 stations listed in Table 1 of the
18 October 1989 Loma Prieta earthquake in the passband from 1.6 to 3.2 Hz.

The coherence below 1 Hz is also consistent with previous work. Trifunac (1988)
showed that the 0.5 to 1.0 Hz seismic waves generated by the Whittier Narrows
earthquake were fairly coherent. Helmberger and Liu (1985) have done a similar
exercise at a closer range of 5 to 20 km, with a comparable answer of two Hz.
Innumerable local, regional, and teleseismic earthquake source inversions have
invariably proceeded on the assumption that seismic waves interact with Earth
structure that is a stack of layers in the most complicated case, and source studies
often interpret seismic energy up to frequencies near 1 Hz as indicating details of
rupture propagation.
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In contrast, Ebel (1988) finds that the 10 Hz particle motions of small earthquakes
sometimes do reflect the focal mechanism. His study is in the stable craton in
Germany, however, so perhaps the confounding effect of the near surface is
strongest in active tectonic regions like California, where all the other cited works
were sited.

3.2 to 6.4 Hz Particle Motions

San Francisco

Ba
y —_—

Oakland

O

San
Francisco

Figure 6. Particle motion diagrams for observations of the 13 stations listed in Table 1 of the
18 October 1989 Loma Prieta earthquake in the passband from 3.2 to 6.4 Hz.

The question that remains is: What geologic structures scramble the high-
frequency polarization characteristics? The low spatial coherence suggests shallow
structure, the borehole studies suggest shallow structure, and to the extent that
common sense applies, the observation that the near surface is the least
consolidated and most highly variable volume along the seismic ray path suggests
that the structure lie near the surface. Candidates for these near surface structures
include surface topography (Bard and Gariel, 1986, Kawase and Aki, 1989) and
topography on the soil rock interface (Bard and Tucker, 1985). Candidate for wave
interactions include focusing through seismic velocity gradients acting as lens (Rial,
1989, Langston and Lee, 1983), body-wave to surface-wave conversions at sharp,
laterally heterogeneous velocity contrasts (Bard and Gariel, 1986, Vidale and
Helmberger, 1988, Kawase and Aki, 1989), energy that becomes trapped and
reverberates between high contrast interfaces (Novaro et al., 1990).

The task remaining is the construction of simulations with methods like three-
dimensional finite differences (Frankel et al., 1990) that reproduce to complexity we
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observe in the seismic wavefield using realistic velocity models. This task relies on
the equally difficult task of accurately estimating realistic three dimensional velocity
nodels of the near surface.

It is important to learn the processes affecting high-frequency seismic waves for
earthquake hazard mitigation, earthquake source determination, and seismic array
design goals. So far, 3-D site characterization is empirical, not based on an
understanding of the physics involved. Clearly, optimal high frequency seismic
arrays that aim to study seismic sources will minimize the interference from earth
structures. [Earthquake source inversions must allow sufficient variance in the
solutions to withstand the randomization of the high-frequency waves by structure.
Finally, site characterization for seismic hazard mitigation might become a more
precise science when phase as well as amplitude information is incorporated into
predictions of shaking in future earthquakes.

Table 1 - Location of thirteen CSMIP stations used

Name Location Near-surface geology
043 Point Bonita 2 m of broken rock, sandstone
117 Treasure Island Fill
130 SF - Diamond Heights Franciscan chert
131 SF - Pacific Heights Franciscan sandstone, shale
132 SF - Cliff House Franciscan sandstone, shale
151 SF - Rincon Hill Franciscan sandstone, shale
163 Yerba Buena Island Franciscan sandstone
222 SF - Presidio Serpentine
224 Oakland - 2-story building Alluvium
338 Piedmont - Jr. High Weathered serpentine
471 Berkeley - LBL Thin alluv. on shale, siltstone
472 Oakland - outer harbor wharf Bay mud
480 Oakland - 18 story bldg. Fill over bay mud
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